GAs are a class of diterpenes that control a variety of growth responses in higher plants, including shoot elongation; this control is widespread, if not universal, in higher plants (Ross, 1994) . The evidence for the control was originally based on the elongation of rice shoots in response to exogenous GAs (reviewed by Stowe and Yamaki, 1957) . More definitive evidence came from the demonstration that GAs are native to higher plants (MacMillan and Suter, 1958) and from the use of single-gene GA mutants and growth inhibitors (Phinney, 1984) . Both mutations and inhibitors were shown to block steps in the GA biosynthetic pathway that resulted in the absence, or reduced levels, of members subsequent to the block (reviewed by Ross, 1994) . The resultant dwarfed plants showed normal growth after the addition of a member of the pathway subsequent to the block. An understanding of the role of these dwarfing genes and inhibitors in the control of growth requires a detailed knowledge of the GA biosynthetic pathway(s). This knowledge is also necessary for understanding the molecular basis for GAdependent plant development.
A single biosynthetic pathway connects mevalonic acid to ent-kaurene, to GA,,-aldehyde, to GA,,. Subsequent to GA,,, branches occur, the number and kinds of which vary depending on the organism (reviewed by Graebe, 1987) . For fungi there are two pathways, the early 3-hydroxylation pathway and the early non-3,13-hydroxylation pathway. For higher plants, any combination of three pathways may be present: the early 3-hydroxylation pathway, the early non-3,13-hydroxylation pathway (i.e. the two funga1 pathways), and the early 13-hydroxylation pathway. Although GAs have been identified in more than 60 species of higher plants, detailed information on their biosynthetic origin comes mainly from studies using cell-free systems from immature seed of pea (Pisum sativum), pumpkin (Cucurbita maxima), and runner bean (Pkaseolus coccineus) (reviewed by Graebe, 1987) .
Information on the pathway(s) for vegetative tissues is fragmentary. However, incorporation studies with cellfree systems from spinach leaves have demonstrated the presence of five sequential steps from GA,, to GA, (Gilmour et al., 1986; Zeevaart et al., 1993) . Likewise, for maize, six steps have been shown to link CPP to GA,,-aldehyde (Hedden and Phinney, 1979; Suzuki et al., 1992) with three additional steps linking GA,, to the bioactive gibberellins, GA,, GA,, and GA, (Fig. 1) (Fujioka et al., 1990) . We report here evidence from normal and d5 seedlings for five sequential steps linking GA,,-aldehyde to GA,,. d5 mutants were used because their low levels of endogenous GAs (Fujioka et al., 1988a) 
MATERIALS A N D METHODS

Plant Material
The d5 and normal phenotypes came from a CC5/L317 seed stock, the seedlings of which segregated in the ratio, 3 norma1:l dwarf. Seeds were germinated and grown in the greenhouse at the University of California, Los Angeles, under natural sunlight supplemented with Sylvania incandescent 300-W I'S35 Excel bulbs to give a day length of at least 12 h. Seedlings were used at either the three-to four-leaf stage (intact plants) or the five-to six-leaf stage (shoot segments).
Labeled Substrates
[17-'3C,3H]GAl,-aldehyde (0.97 GBq mmol-I) was synthesized by the method described by Suzuki et al. (1992) .
[17-13C,3H]GAl, (0.97 GBq mmol-l) was obtained from [17-'3C,3H]GAl,-aldehyde by oxidation in the air, followed by HPLC purification. 1,7,12,18-14C4-Labeled GA,, (4.29 GBq mmol-I), GA4, (3.31 GBq mmol-l), and GA19 (5.87 GBq mmol-l) and [17-2H,]GA44 were gifts from Dr. Peter Hedden (IACR-Long Ashton Research Station, Bristol, UK). [17-2H,]GA,9 was a gift from Prof. Lewis Mander (Australian National University, Canberra, Australia). GC-MS analysis showed the purity of each substrate to be greater than 99.5%.
Treatment, Extraction, and Purification
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The shoot segments were prepared as follows. The first three leaves were removed from each seedling and a 1-cm segment of shoot was obtained by making two transverse cuts, one at the coleoptilar node and one at a location 1 cm dista1 from the coleoptilar node. Sets of 10 segments were placed in a 9-cm Petri dish lined with a moist filter paper. Labeled substrates were dissolved in MeOH, and 0.5 pL was injected into the base of the coleoptilar node of each of 10 segments. [13C,3H]GAl,-aldehyde (240 Bq; 78 ng) and [13C,3H]GA12 (240 Bq; 78 ng) were injected individually into each segment. [14C4/2H2]GA44 was applied as the opened-lactone (Takahashi et al., 1986) ; each segment was injected with a mixture of [2H,]GA,4 (125 ng) and [14C4]GA,, (15 Bq). The Petri dishes were placed in the dark (30°C) for 3 h, and the segments were removed, frozen in dry ice, homogenized, and extracted twice with MeOH: H,O (4:1, v/v). The extracts were concentrated under reduced pressure and purified using Bond Elut C,, and diethyl aminoethyl columns (1 g and 500 mg, respectively; Varian, Harbor City, CA), followed by HI'LC on a column of Nucleosil 5 C1, (Kobayashi et al., 1993) . For the [13C,3H]GAl,-aldehyde and [13C,3H]GA12 experiments, radioactive fractions from the Nucleosil 5 C,, column were further purified by a second HPLC step on a column of Nucleosil 5 N(CH3), as described by Kobayashi et al. (1993) . The purified metabolites were derivatized to their methyl ester trimethylsilyl ethers for GC-MS analysis (Gaskin and MacMillan, 1991 were each injected with a mixture of [2H,]GA,, (50 ng) and ['4C41GA~g (37 Bq) .
After treatment, seedlings were grown in the light at 25°C for 12 h. Shoots were harvested (GA,, feed, 7.7 g; GA,, feed, 10.6 g) and frozen immediately in dry ice, homogenized, extracted, and solvent-fractionated to give the AEs as described by Fujioka et al. (1988a) . The AEs were concentrated and purified using Bond Elut columns and two steps of HPLC, as described by Kobayashi et al. (1993) .
CC-MS
The methods used for GC-MS analysis have been described previously (Kobayashi et al., 1993) . Metabolites were identified by full-scan GC-MS.
RESULTS
The results from the GC-MS analyses of the radioactive HPLC fractions are shown in Table I for d5 shoots and in Table I1 for normal seedlings. The compounds were identified by comparison of the full-scan GC-MS and KRI data with those of reference compounds (Gaskin and MacMillan, 1991 
I'4Cd2H21GA44
[14C,/2H2]GA44 was applied to d5 segments only. [14C,]GA,4 was added to monitor recovery and retention times during extraction and purification. Ninety-five percent of the radioactivity was recovered in the MeOH extract. [14C,/2H2]GA44 was metabolized to [2H2]GA,,.
Metabolism of [14C4]GA53 and [14Cq/2H2]GAlg
of metabolites as follows:
The d5 intact seedlings used in these studies gave a series 
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[14C,]GA,9 was added to monitor recovery and retention times during extraction and purification. Forty-one percent of the radioactivity was recovered in the AE fraction.
[14C4/2H2]GA19 was metabolized to [2H2]GA20.
DISCUSSION
Our results provide metabolic evidence for the sequentia1 steps CAI,-aldehyde + GA,, + GA,, + GA,, + GA,, + GA,,, and for the individual steps GA,,-aldehyde + GA,,-aldehyde and GA,, -+ 2p-hydroxy GA,,. These steps have been established by adding the labeled substrates to vegetative maize shoots followed by identification of the labeled metabolites by full-scan GC-MS and KRIs. The results, together with our previously reported data (Hedden and Phinney, 1979; Spray et al., 1984; Fujioka et al., 1990; Suzuki et al., 1992) , document the details of the maize GA-biosynthetic pathway from CPP to GA,,, and from GA,, to bioactive GA, and GA, via the early 13-hydroxylation pathway (see Fig. 1 ). AI1 members of this early 13-hydroxylation pathway are native to maize (Fujioka et al., 1988a (Fujioka et al., , 1988b .
The positions of the metabolites GA,,-aldehyde, 2 P -h~-droxyGA,,, 2P-hydroxyGA5,, and 2P-hydroxyGA4, in the pathway cannot be established by the present work because these four GAs must be re-fed to establish their specific positions in the pathway. Although GA,,-aldehyde has not been identified as endogenous in higher plants, it has been shown to be a metabolite from feeds of GA,,-aldehyde to cell-free systems of runner bean (Phaseolus vulgauis, Takahashi et al., 1986) . The metabolism of GA,,-aldehyde to GA,, may be via GA,, or GA,,-aldehyde. To distinguish between these two possibilities, the metabolism of GA,,-aldehyde must be determined. The metabolism of GA,, to 2P-hydroxyGA1, may represent a dead-end branch step. Talon et al. (1991) have reported the occurrence in spinach of a series of monohydroxy derivatives of GA,,, one of which was subsequently identified as 2 P -h~-droxyGA,, (J.A.D. Zeevaart, personal communication). In addition, 2P-hydroxyGA5,, 2P-hydroxyGA4,, and 2 P -h~-droxyGA,, have recently been identified from spinach (J.A.D. Zeevaart, personal communication). Our results suggest that 2P-hydroxyGA5, and 2P-hydroxyGA4, are formed sequentially from 2P-hydroxyGA1,, since they were not detected as metabolites from the individual feeds of GA,, and GA,,. However, to establish such a multi-step 2P-hydroxylation pathway requires a study of the metabolism of 2P-hydroxyGA1,, 2P-hydroxyGAS,, and 2P-hydroxy GA,,.
In the experiments with both [13C,3H]GA,,-aldehyde and ['3C,3H]GA,2, we noted the absence of the metabolites [13C]GA44 and [l3C]GAI9 from the normal plants and their presence in the mutant. Likewise, for the [13C,3H]GA,, experiments, the leve1 of [I3C]GAS3 was high for the normal plants (1857 Bq) and low for the d5 mutant (670 Bq). These differences could be examples of feed-back inhibition, a phenomenon originally described for maize by Hedden and Croker (1991) .
17-Hydroxy-16P,17-dihydroGA,,, identified as a metabolite in this study, has previously been shown to be native to vegetative shoots of maize (Fujioka et al., 1988a 
